The use of carbon fiber composites is significantly increasing as a structural material for commercial airframes. This material represents 50% by weight for the new Boeing 787 and Airbus 350XWB frames. The Abrasive-Waterjet (AWJ) has been the tool of choice for trimming and shapecutting this material due to many technical, environmental, and economical reasons. The AWJ cuts are of acceptable surface finish and of high integrity. The cutting rates are faster than conventional routing. Significant advances have been made in the hardware, software, and the AWJ process reliability, flexibility, and productivity placing the AWJ process as a mainstream tool for airframe manufacturers and their subcontractors.
InTroDuCTIon
The use of advanced materials such as composites has been escalating rapidly over the past three decades, especially in the aerospace industry, coincident with the introduction of AWJ technology to the marketplace in the 1980s. In fact, the use of waterjet technology in aerospace applications has a significant impact on its advance in meeting reliability, flexibility, and productivity demands. This article briefly discusses the AWJ hardware, software, and routinely used machining processes such as trimming and drilling for carbon fiber composites.
Composite systems
Composites used in the aircraft industry could be organic, metal, and ceramic matrix composites (OMCs, MMCs, and CMCs). These are used in jet engine and air frame components. In jet engine for example, the engine cold section will incorporate OMCs, MMCs, and intermetallics. OMC components may include fan frames, fan blades, inlet and outlet guide vanes, stator vanes, cases, and control housings. Graphite-PMR-15 structural parts are used on such engines as GE F110 and F404, and PW-1120 and 1130. Hot sections, such as combustors and turbine exhaust, will require the high-temperature capabilities of some intermetallics, single-crystal superalloys, CMCs, or carbon/carbon composites. The following are example aircraft and corresponding AWJ-machined components:
Boeing 787 -center wing box, • wing skins, spars, stringers, fixed leading edge, vertical stabilizer, 777 -horizontal stabilizer, 747 -titanium landing gear components -see Figure 1 below Airbus 350XWB -wing spars • Bell Helicopter V-22 Osprey -• wing skins, stiff rotors Raytheon Premier I -The fuselage. •
The most common AWJ-cut carbon fiber composite parts in an air frame are found in:
Most revolutionary in the use of composites on commercial liners is the Boeing 787 which will contain 50% composite structure by weight and 90% by volume and the Airbus A350XWB with similar composite usage. In comparison, the 777, which hen Garnett Gerke opened his Edmonton, Alberta, waterjet shop, G.O. H2O, more than ten years ago, he deliberately decided to target diverse markets rather than hinge his fate on a niche industry.
This approach has served G.O. H2O well. The company has grown every year for the past nine years, and even added a second waterjet table last year to keep up with demand.
"We attribute our growth to Alberta's strong oil and gas-based economy, but also to the fact that we market to other areas such as architectural, glass, flooring, metal fabricating and a small amount in plastics," Gerke noted.
Gerke credits his former business partner for coming up with the idea of opening a waterjet shop. His partner got the idea while working on a road construction crew in northern Alberta. The crew ran into challenges trying to drill through rock so he went online to research the idea of cutting material with something more innovative and efficient than coring methods. After some research, he determined that waterjet was the wave of the future in terms of cutting, and also found that Edmonton was considered the "machine shop capitol
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(continued on page 7)
Gerke's 12 years in the trades as a cabinetmaker coupled with four years of marketing experience came in handy as the men built their business. They decided to focus primarily on waterjet cutting rather than machining since the area was saturated with machine shops.
When they bought their first waterjet table, they chose a 4x12-foot High Rail Gantry manufactured by Jet Edge, Inc. of St. Michael, Minnesota. They equipped the table with two cutting heads and powered it with a 100hp, 55,000 psi (4,100 bar) Jet Edge 55-100 intensifier pump with dual intensifiers.
"We liked the idea that Jet Edge was a privately owned company versus a publicly traded company," Gerke said. "We also liked their reputation of quality." G.O. H2O had racked up nearly 35,000 hours on its first system when Gerke and his new business partner, Don Torok, decided to buy a second system.
For the second system, the company went with a 6x12-foot Jet Edge High Rail Gantry so they could accommodate larger sheet sizes. They equipped this system with two cutting heads and a 55-100 Jet Edge intensifier pump. Both waterjet systems are equipped with overhead cranes, and Gerke noted that the tables are very easy to load by crane or forklift.
"When it was time to buy the second machine, it was very tempting to look at the other manufacturers, and we did, but how can you argue with 35,000 hours and very little downtime," Gerke said, noting that on his original ten-year-old pump, he has only had to replace one of the intensifiers. The electric motor and one intensifier are still original.
"When we did have downtime, Jet Edge's customer service was amazing, even on holidays," he added. "On one of the rare times our system went down, it went down over the U.S. Thanksgiving holiday, which is not a holiday for us. I called Jet Edge's emergency service contact, and they Edmonton Waterjet shop Experiences nine straight Years of Growth, from page 6 went in and shipped the part out. We were back up and running for the weekend."
After more than ten years of positive experiences, Gerke said he would (continued on page 20)
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WJTA on the web: www.wjta.organy applications in waterjet cutting are involved with hollow structures. The hollow space tends to disperse the jet and affects the cut below. Louis & Von Rad* did an experimental study on this phenomenon.
Here is a review of their findings.
Their experimental setup to simulate a hollow structure is illustrated in the top figure. Cutting tests were done on aluminum with a 1-mm abrasive water suspension jet at 70 MPa of pressure and 2 kg/min of 80 mesh garnet. The parameters were chosen so that the sample below the gap was not cut through in order to preserve the evidences of remaining jet potential. The gap was filled with either air or water to study the impact of medium. The results were plotted in the other two figures.
The reduction of the kerf depth and the increase of the kerf width on the sample were proportional to the size of gap. Compared to air, water made the kerf shallower and narrower because the outer layer of the jet lost energy to the surrounding water. It was also found that the thickness of the upper plate had a small impact to the kerf-depthvs-gap-size relation (i.e., a thicker upper plate resulted in a shallower kerf), but a relatively large impact
M
Cutting Hollow structures
to the kerf-width-vs-gap-size relation (i.e., a thicker upper plate resulted in a wider kerf). The explanation was that the upper plate acted as a "bad" nozzle. • Waterjet Expo featuring displays of waterjetting equipment, systems and supplies and industrial vacuum/air moving vehicles.
• Waterjet Boot Camp-Industry experts offer information and suggestions on ways to help contractors buy smart, improve efficiency and generate profitable new business. Typical problems that have been encountered when ma chining carbon fiber composites with conventional solid tools are matrix cracking, fiber pullout, inter-laminar voids, delamination, and resin melting. This leaves frayed or delaminated edges which require costly rework and slowdown of production cycles. Frequent tool change is required when using routers or drills due to the abrasive nature of the composite. Environmentally, solid tools generate dust and carbon powder which can wreak havoc on electrical systems and personnel.
The above mentioned growing use of composite materials on primary aircraft structures requires technology offering lower manufacturing and tooling costs, and the reduced potential for product defects. For 2D and 3D cutting and machining of composite structures, AWJ technology offers several advantages over conventional machining methods. Among these advantages are: In the following sections we describe some advances in composite machining.
AWJ TECHnoLoGY ADvAnCEs For CoMPosITEs MACHInInG
There have been many advances in composites machining with AWJ for air frames that can be grouped into two basic categories. These are machinery (hardware) process, and software advances. The following are descriptions of some of these advances.
Hardware:
Cutting Heads
The use of vacuum assist in AWJ cutting heads, see Figure 3 , has been critical for successful shapecutting of composites. An external vacuum source is used to draw abrasives into the cutting head before starting the waterjet. This insures an instantaneous action of the AWJ upon firing the waterjet and impacting the material. It has been shown that delimitation does not occur when piercing composites using this approach. The vacuum assist is particularly important when lower pressures are used as often is the case when piercing composites. In this case, the waterjet venturi effect is not sufficient to draw abrasives reliably into the cutting head and thus vacuum assist enhances the reliability of the AWJ process.
Hybrid Waterjet System
In order to trim and rout composites, both waterjets and solid tool routers have been incorporated on special hybrid systems as shown in Figure 4 . In these systems, two 5-axis masts are used: one for the AWJ and another for the router. The AWJ is used to trim the part using an end effector Figure 5 . Please note that a small catcher is provided on a 6 th axis for catching the exit jet and directing the waste outside of the wrist area to the collection tank. The router, see Figure 5 , is used to drill and counter sink the required holes or trim some critical areas not easy to address with the AWJ. This system provides significant advantage in minimizing set-up time. Machines range in size from 10 ft to 150 ft in length with width up to 50 ft. Probing and linear scales are used for obtaining the required accuracy.
Flexible Fixturing
Flexible fixturing is a key component in AWJ machining cells due to the wide variety of shapes and contours of airframe parts. FLOW has developed versatile fixtures consisting of a number of linear actuators with vacuum cups as well as hard location surfaces and points for accurately locating the part and rigidly holding it during cutting. The fixture must also accommodate the catcher and be specific to the waterjet nature as a long effective beam after penetrating the material. Figure 6 shows a fixture example for holding a wide range of curved parts as may be used in fuselage sections.
software
Most airframe parts are designed using CATIA solid modeling software. In order to develop a CNC program to trim and drill parts, a post processor program is needed to translate the drawing such that the machine controller can execute it. This post processor also includes information about the process such as cutting speed, tool diameter, etc. This is a most critical element of the AWJ machining system as most parts are complex 3-D shaped. Flow International and CINET Systems developed FlowTrim: CAD (Data Import, Part Design, Fixtures, Run-off material), and CAM (Programming, simulation, tool path modification, …) as an integrated post processor using integrated cutting technology models and data tables. Figure 7 shows an example screen with the end effector and catcher displayed.
Waterjet Processes
The most common waterjet processes used for airframe are trimming, shapecutting, and drilling. Trimming is typically performed on the edges while shapecutting is performed on the interior surfaces to produce openings such as access holes or windows. Some edges may be trimmed at bevel angles, and when cutting around curves and complex contours, the effective depth of jet cutting varies and thus waterjet kinematics parameters such as speed and angles need to be carefully programmed to maintain uniform edge quality. Trimming I-Beam (stringer) composites requires special tooling such as catchers and cutting heads. uzzler Manufacturing has announced the reintroduction of the Predator™ liquid vacuum tanker designed for handling bulk liquids, sludge and semi-solid waste in industrial applications.
Trimming and Shapecutting
"With the relaunch of the Predator, a full line of industrial vacuum trucks is now available from Guzzler Manufacturing, complete with the parts, service, training and industry expertise you expect from the Guzzler brand," said Tim Lee, product manager for Guzzler.
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The liquid vacuum tanker combines high vacuum and pressure offloading designed to deliver reliable performance in the most demanding applications. The 3,000 gallon payload capacity tanker features a standard
Guzzler reintroduces Predator™ Liquid vacuum Tanker
vacuum pump capable of suction pressures up to 27-29 inches Hg; maximum airflow of more than 400 CFM and more than 300 CFM at 18 inches Hg. Alternate pump sizes are also available.
The Predator's single compartment tank is constructed with carbon steel and is rated for continuous maximum vacuum operation and 15 psi working pressure. Built in accordance with Section VIII of While the majority of trimming applications addresses relatively thin sections (less than 0.75 inch), there are several thick section (up to 3-inch) cutting applications near the wingto-fuselage joining areas. Figure 9 shows example cuts in thick composite sections which were found to be faster than a mechanical tool by an order of magnitude using much less demanding fixtures and heavy equipment.
The end trimming of composite stringers (I-beams) is another application that requires careful 5-axis manipulation strategy as not to cause the exit jet damage the opposite sides of the stringer. Figure 10 shows a trimmed section from the end of a stringer. A rate of 1 inch/min can be used to cut through a 3-inch thick section producing an acceptable 400-micro-inch surface finish.
A most challenging cutting application is the cutting of composite honeycomb
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Drilling (Piercing)
Delamination is the main mode of failure when drilling materials such as graphite epoxy with waterjets. This problem is resolved when vacuum assist and proper parameters are used. Thousands of holes have been drilled in carbon fiber composites without any adverse effects. With proper process timing, holes can be drilled rapidly.
While not as fast as laser, the holes are typically of high integrity and good surface finish. The AWJ process has been successfully investigated for rapid drilling (piercing) of holes in composites. For example, the picture shown in Figure 13 illustrated the drilling of 0.40 inch holes in a 0.040-inch thick composite material. The drilling time was about 0.9 seconds hole to hole.
The pierced hole size can be controlled by selecting the process parameters and the dwell time. The larger the dwell time, the larger the final hole size at the exit. Accurate control over the dwell time is needed to control the hole size within certain tolerance limits. Another interesting observation is that the drilling time is improved by reducing the water flow rate and increasing the abrasive flow rate into the hole.
Emerging Applications
Turning
The turning of composite materials results in significant problems when using traditional turning and grinding techniques due to the multidirectionality of the composite layup and its abrasiveness. OMCs are typically not turned to produce parts, but with the ability of the AWJ to turn these materials, new designs may emerge using turned OMC parts. While many composite geometries have been turned, this application will not be discussed in this article.
Milling
The AWJ milling process is conducted by traversing the jets many passes close to each other across the workpiece surface. The multiple passes of overlapping kerfs are used to achieve controlled depth. The milling of isogrid shapes in graphite epoxy ( Figure 14 ) was conducted to demonstrate the degree to which the depth of milling can be controlled. This approach involved the use of steel masks. It was found that depth control can be accomplished to 0.001 inch accuracy. The material can be milled ply by ply if needed suggesting its potential for repair applications
In the repair application, damaged material is first removed and then patched to the original geometry. The flexibility of AWJ cutting in a wide range of materials and shapes makes it suitable for the repair of composite structures. Alternatively, the AWJ could be used for milling off the damaged section or preparing the patch. For example, the AWJ can be robotically scanned over the surface producing a scarfed geometry suitable for repair as shown in Figure 15 .
ConCLusIons
The AWJ process for composite trimming has now become a mainstream process since it was first introduced in the 1980s. Advances in the AWJ process combined with advances in machinery and software has made this technology acceptable for the aircraft industry. Today, all airframe manufacturers use AWJ for trimming composites. There are still needs for improved fixturing and AWJ tooling cutting heads and end effectors to address a wider ranger of parts geometries and sizes. New software and offline programming have been critical to the acceptance of the AWJ systems in the aircraft industry.  apable of producing pressures in excess of 90,000psi, Jet Edge's new 100hp X-Stream xP90-100 waterjet intensifier pump achieves much faster cutting speeds and drastically lowers operating costs compared to traditional 60,000psi pumps, enabling users to increase productivity and reduce part costs.
The X-Stream produces 50% more pressure than a 60,000psi waterjet intensifier pump, resulting in a 40-50% increase in productivity for many materials. The X-Stream supports a 75,000psi continuous operating pressure. Compared to a 60,000psi pump, typical operating pressures of 75,000psi use 30% less water, 30% less power, and up to 50% less abrasive, resulting in a 40% reduction in operating costs. They typically reduce taper by up to 0.001 inch. The X-Stream is capable of producing flow rates of 1.45gpm and supports up to a .017 inch orifice. Its fittings and tubing are rated for 100KSI. The X-Stream is backed by nearly 10 years of extensive research and development in hyper-pressure technology.
For more information about the Jet Edge X-Stream xP90-100 intensifier pump or other Jet Edge waterjet equipment, visit www.jetedge.com, email: sales@jetedge. com or call 1-800-JET-EDGE (538-3343). To place an order, see the WJTA order form for publications/products on page 31 or contact the WJTA office.
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MEMBER definitely recommend Jet Edge to other businesses. He said his systems have been very reliable, are easy to maintain and hold their tolerances very well. He has the machines recalibrated only once a year.
"We are so happy," Gerke said. "The ease of maintenance is excellent and the reliability of the machine is second to none."
With its Jet Edge systems, G.O. H2O is capable of cutting virtually any material. In fact, they have cut just about everything, from NHL logos on pumpkins to 12-inch thick steel. The company utilizes dual cutting heads on about 70 percent of its projects to double productivity.
G.O. H2O's most recognizable project can be seen at the Edmonton International Airport. Over the course of six months, the company cut 6,500 square feet of interlocking mosaic tiles for 27 large swirl patterns that were installed in the airport corridors.
"No matter who you talk to, if they ask you what you have cut, you can say, 'have you been to the airport?' and they all have seen the mosaics," Gerke said. "They do stand out."
Gerke noted that one of his most satisfying accomplishments was in successfully performing a test cut on .020-inch Pyrex® glass for a technology company. The company asked him to cut tiny rectangular openings out of the 2x3-inch Pyrex® pieces. They sent three sample pieces to 20 waterjet shops and G.O. H2O was the only shop that performed a successful sample cut. G.O. H2O got the project, and broke only three pieces out of 120.
In another notable project, G.O. H2O successfully separated a 30x48-inch, 12-inch-thick steel lifting lug by using a large nozzle and slowing the cut to 0.1-inch per minute.
"The customer had done all the machining and they realized they needed to separate it," Gerke recalled. "People said we couldn't do it, but we did it. It was a feather in our cap." toneAge has announced another addition to the Banshee family of tools -the Banshee BN33. The new Banshee is 33 mm in diameter and is capable of 20K psi and up to 50 gpm. The BN33 is suitable for tubes that are 1-1/2 inches to 2 inches in diameter.
The BN33 has a Universal style head designed for polishing and unplugging tubes at the same time. As with all Banshee tools the BN33 requires no maintenance and is available with a variety of inlet connections; ½-inch NPT, 9/16 MP, and BSPP. The Banshee BN33 is designed to replace the Marten (MT-P8) and Ferret (FT-P4) Tube Nozzles. that has been overlaid with a very hard material such as tungsten carbide or ceramic.
"The tar sands are full of sand and abrasive and they are very hard on equipment so everyone and his dog is trying to come up with a wear product to overlay on steel," he said. "We do a lot of overlay samples. We have to slow them down to 0.1-inch per minute and they are still difficult to cut."
One of Gerke's proudest accomplishments has been figuring out a way to efficiently recycle the abrasive material he uses in the majority of his jobs. Leave it to a guy name Garnett to come up with an effective method for reusing garnet.
"In our first two years [cutting 24/7], we had to shut down every seven to ten days to clean out the tank," Gerke recalled. "We would be down 8 to12 hours. We had a sump truck come in and pump out the tank and haul the garnet off to the landfill. The first year, he charged $400 per visit. Two years later, it was three times the cost."
After his second year in business, Gerke installed a WARDJet abrasive recycling system to reduce his downtime and counter rising landfill costs. He reclaims 50-70 percent of his garnet, and said the system paid for itself within nine months. After he installed his second waterjet system, Gerke came up with an ingenious way to recycle garnet from both systems without having to buy a second recycler. He equipped the second table with a Jet Edge abrasive removal system with two sideloading dumpsters. After he fills one dumpster, it is replaced with an empty dumpster. The full dumpster is then dumped into the recycler. This allows him to keep his new table up and running with no downtime. Once a year, he cleans out the drops from both tanks.
To keep a good cutting edge, Gerke mixes his used abrasive with new abrasive. He said has not noticed any slowdown in cutting speeds since he started recycling. (1,2,3 ). Relative to plain water, the addition of SUPER-WATER ® to an ultra-high pressure waterjet cutting system:
-improves the quality of cut (6) These results were for cutting fiberglass acoustical panels using an intensifier. My results also parallel those previously published for precision cutting of natural-, synthetic-, silicone-, and foam-rubber (4) as well as synthetic materials such as Vistanex (5) 
